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Treponema pallidum subsp. pallidum is the causative agent of syphilis, a sexually transmitted disease
characterized by widespread tissue dissemination and chronic infection. In this study, we analyzed the
proteome of 7. pallidum by the isoelectric focusing (IEF) and nonequilibrating pH gel electrophoresis
(NEPHGE) forms of two-dimensional gel electrophoresis (2DGE), coupled with matrix-assisted laser desorp-
tion ionization—-time of flight (MALDI-TOF) analysis. We determined the identity of 148 7. pallidum protein
spots, representing 88 T. pallidum polypeptides; 63 of these polypeptides had not been identified previously at
the protein level. To examine which of these proteins are important in the antibody response to syphilis, we
performed immunoblot analysis using infected rabbit sera or human sera from patients at different stages of
syphilis infection. Twenty-nine previously described antigens (predominantly lipoproteins) were detected, as
were a number of previously unidentified antigens. The reactivity patterns obtained with sera from infected
rabbits and humans were similar; these patterns included a subset of antigens reactive with all serum samples
tested, including CfpA, MgIB-2, TmpA, TmpB, flagellins, and the 47-kDa, 17-kDa, and 15-kDa lipoproteins. A
unique group of antigens specifically reactive with infected human serum was also identified and included the
previously described antigen TpF1 and the hypothetical proteins TP0584, TP0608, and TP0965. This combined
proteomic and serologic analysis further delineates the antigens potentially useful as vaccine candidates or
diagnostic markers and may provide insight into the host-pathogen interactions that occur during 7. pallidum

infection.

Syphilis is a multistage progressive disease caused by the
spirochete Treponema pallidum subsp. pallidum and is charac-
terized by localized, disseminated, and chronic stages. Mani-
festations include the development of a localized lesion called
a chancre during the primary stage and disseminated skin
lesions and meningovascular syphilis during the secondary
stage, followed by a period of latency lasting from months to
decades. Chronic, debilitating symptoms develop during the
tertiary stage, including granuloma-like lesions called gummas,
neurosyphilis, and cardiovascular syphilis (38). Although syph-
ilis can be successfully treated by antibiotics, it remains a sig-
nificant public health problem, with an estimated 12 million
new cases per year worldwide (41).

Continued improvement of diagnostic tests (particularly
point-of-care tests) as well as the development of an effective
vaccine for syphilis would aid greatly in the control of syphilis
(4, 6). T. pallidum research, including the identification of
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antigens, has been hindered by the inability to culture the
bacterium continuously in vitro, necessitating the propagation
of organisms by experimental rabbit infection (28). In addition,
the fragility and low protein content of the 7. pallidum outer
membrane have complicated the identification of surface pro-
teins potentially useful in vaccines (5, 28).

The T. pallidum genome sequence (15) provides an addi-
tional tool for the analysis of potential antigens. The 1.14-Mb
T. pallidum chromosome contains 1,039 open reading frames
(ORFs) encoding predicted protein products, a smaller num-
ber than for any other spirochete genome sequenced to date
(15). The average size of predicted proteins is 37,771 Da,
ranging from 3,235 to 172,869 Da. Analysis of the translated
genome of T. pallidum predicts an unusually basic proteome,
with a mean pI of 8.1 and median pl of 8.5, with 66% of
proteins having pIs of >7.0 (23). Small genome size and a
predominance of basic proteins are more common in parasitic
microorganisms, and the latter is thought to facilitate interac-
tion of the organism with its host (20). Other pathogenic spi-
rochetes also tend to have basic proteins; for example, the
proteome of Borrelia burgdorferi has a mean pl of 8.36 and
median pl of 9.03 (14, 29a), and 69% of Leptospira interrogans
serovar Lai strain 56601 proteins have pls greater than 7.0 (24,
33). A recent analysis of the T. pallidum genome indicates the
presence of 46 putative lipoproteins, many fewer than the 127
predicted for B. burgdorferi (34).

The availability of the genome sequence made it possible to
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examine predicted 7. pallidum ORFs for potential suitability as
diagnostic or immunization tools. McKevitt et al. (22) and
Brinkman et al. (3) created a protein expression library of 900
of the 1,039 T. pallidum proteins predicted from the genome
sequence and examined the serologic reactivity of these pro-
teins by enzyme-linked immunosorbent assays (ELISAs). They
identified 106 antigens reactive with rabbit sera and 34 anti-
gens reactive with sera from syphilis patients. This set of anti-
gens was termed the 7. pallidum immunoproteome. This ap-
proach permits identification of low-abundance 7. pallidum
antigens, since they may be expressed as recombinant proteins
in much larger quantities. Conversely, proteins that are poorly
expressed in Escherichia coli or do not fold correctly may not
be detected, leading to false-negative results.

To provide a complementary set of data regarding the 7.
pallidum immunoproteome, we have performed proteomic
analysis of T. pallidum proteins expressed during experimen-
tal rabbit infection. We used isoelectric focusing (IEF) and
nonequilibrating pH gel electrophoresis (NEPHGE) forms
of two-dimensional gel electrophoresis (2DGE) coupled with ma-
trix-assisted laser desorption ionization-time of flight (MALDI-
TOF) analysis to identify T. pallidum polypeptides. Immunoblot-
ting was subsequently used to identify antigens reactive with
infected rabbit sera (IRS) and with human sera obtained at
different stages of syphilis. This approach may permit identi-
fication of antigens that are not expressed well in E. coli and
provides a more accurate picture of the level of protein ex-
pression in the intact organism. We have thereby characterized
most of the major T. pallidum proteins expressed in infected
tissue and identified a set of antigens reactive at all stages of
infection, which could potentially be useful for the develop-
ment of improved immunodiagnostic tests or for vaccines.

MATERIALS AND METHODS

Two-dimensional gel electrophoresis and immunoblotting. 7. pallidum subsp.
pallidum (Nichols) was extracted from testicular tissue of infected rabbits and
purified by Percoll density gradient centrifugation as described previously (17,
29). Organisms were resolved in the first dimension by either isoelectric focusing
(IEF; pH 5 to 7) or nonequilibrium pH gel electrophoresis (NEPHGE; pH 3.5 to
10), as described by O’Farrell et al. (30, 31). For silver-stained gels and subse-
quent MALDI-TOF mass spectrometry (MS), 8 X 10® organisms were loaded
per tube gel; for immunoblotting, 6 X 10% organisms were loaded per tube gel.
Equilibrated tube gels were resolved by SDS-PAGE using 8 to 20% gradient gels
in the second dimension, and the gels were stained using a Silver SNAP kit for
mass spectrometry (Pierce) or transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore) (37) at 150 V for 1.5 h at 4°C using a Trans-Blot cell
(Bio-Rad). For immunoblot analysis, membranes were blocked overnight at 4°C
in Tris-buffered saline solution containing 0.05% Tween 20 (TBST) and 1%
bovine serum albumin (BSA) (blocking solution; Promega). Following incuba-
tion with primary antibody diluted in blocking solution (1:1,000 for rabbit serum
and 1:500 for human serum) for 1 h at room temperature, the membranes were
washed three times for 10 min each in TBST and then incubated with secondary
antibody (goat anti-rabbit or goat anti-human IgG, allophycocyanin [AP] conju-
gate; Promega) at a concentration of 1:5,000, diluted in TBST, for 30 min at
room temperature. Membranes were washed three times with TBST, followed by
two washes with Tris-buffered saline (TBS) to remove inhibitory Tween 20.
Membranes were developed for 3 min with Western Blue stabilized substrate for
alkaline phosphatase (Promega), and development was stopped by washing with
distilled water.

Sera used for immunoblots. Rabbit sera were collected from three individual
animals before infection (prebleed; noninfected rabbit sera [NRS]) or 84 days
after intratesticular inoculation with T. pallidum (infected rabbit sera [IRS]).
Sera were pooled from the three animals and used for immunoblotting as
described above. Human serum samples had previously been collected in Texas
from healthy human subjects and from patients diagnosed with primary, second-
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ary, early latent, or late latent syphilis and are summarized in Table S1 in the
supplemental material. Sera were pooled prior to immunoblotting experiments
as noninfected human (10 sera), primary (3 sera), secondary (3 sera), early-
latent-syphilis (8 sera), and late-latent-syphilis (13 sera) pools and used at a
dilution of 1:500. Human syphilitic serum samples had rapid-plasma-reagin
(RPR) titers ranging from 1:2 to 1:512. All human sera were collected under
established guidelines with prior approval by the Committee for the Protection
of Human Subjects, University of Texas Health Science Center at Houston.

2D spot preparation and MALDI-TOF MS analysis. Protein spots of interest
were excised manually (1.0 to 3.0 mm in diameter) from a set of four silver-
stained gels with a OneTouch two-dimensional (2D) gel spot picker (The Gel
Company, San Francisco, CA) and destained using the Silver SNAP kit for mass
spectrometry according to the manufacturer’s instructions. Excised spots were
stored in wash buffer (25 mM ammonium bicarbonate, 50% acetonitrile; Sigma)
at —20°C until in-gel trypsin digestion was performed. Destained 2D gel spots
were treated with 0.2 M ammonium bicarbonate-50% acetonitrile for 15 min and
dried completely in a CentriVap speed vacuum. Gel pieces were then rehydrated
in 50 wl 50 mM ammonium bicarbonate containing 0.2 to 0.5 wg modified trypsin
(Promega or Sigma) and digested for 20 h at 37°C. The supernatant was trans-
ferred to a clean microcentrifuge tube, and the gel fragments were extracted with
50 pl aqueous 50% acetonitrile-2% formic acid for 15 min and combined with
the initial extract. The combined supernates were evaporated to 30 pl, acidified
with trifluoroacetic acid to a pH of 3, and desalted using a C,g ZipTip (Millipore)
as recommended by the manufacturer. Peptides were eluted from the ZipTip
with 5 pl of an aqueous solution of 50% acetonitrile and 2% formic acid. Two
microliters of the sample was spotted onto a 100-well stainless steel MALDI
target plate and allowed to dry partially prior to the addition of 1 pl of a 1-mg/ml
matrix solution (alpha-cyano-4-hydroxycinnamic acid), followed by complete dry-
ing. MALDI-TOF analyses were performed in reflector mode on an ABI/SCIEX
4700 proteomics analyzer TOF/TOF mass spectrometer, with the laser intensity
adjusted manually to yield the best spectrum for each sample. The resulting
spectra were calibrated manually utilizing the autodigestion products of trypsin
as internal reference peaks with Data Explorer software, available from ABI.
Proteins were identified using Protein Prospector (University of California, San
Francisco, CA; http://prospector.ucsf.edu/) set to a mass accuracy of =20 ppm
and a missed cleavage allowance of 1. Mass fingerprints were compared to the
predicted proteins in the NCBI database by use of a species-specific filter for 7.
pallidum or without the use of a species filter to identify nontreponemal con-
taminants.

RESULTS AND DISCUSSION

MALDI-TOF MS identification of 7. pallidum proteins.
Rabbits have been used for many years to propagate 7. palli-
dum in the absence of an effective in vitro culture system, and
T. pallidum maintained in rabbits retains infectivity and viru-
lence in humans (13, 21). We extracted T. pallidum subsp.
pallidum Nichols from the testicular tissue of infected rabbits
and purified the bacteria by Percoll gradient density centrifu-
gation. Lysates of purified bacteria were separated by IEF and
NEPHGE 2DGE; NEPHGE permits the separation of highly
basic polypeptides (31). Proteins from silver-stained gels were
analyzed by MALDI-TOF mass spectrometry. We identified
the polypeptides present in 148 protein spots; of these, 144
corresponded to 88 different 7. pallidum proteins, and 4 cor-
responded to rabbit proteins (Fig. 1 and Table 1). The 56
additional spots represented charge variants, minor size vari-
ants, or degradation products of 7. pallidum proteins. The
detection of only four rabbit products demonstrates the high
degree of purification achievable by Percoll density gradient
centrifugation (17).

Multiple distinct spots in the same gel were often identified
as the same protein and apparently represent charge or mo-
lecular mass variants; examples of these variants are indicated
by arrows in Fig. 1. This phenomenon was observed at a higher
frequency with IEF than with NEPHGE 2DGE, most likely
due to the higher resolution and lower compression level of the
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FIG. 1. Two-dimensional gel electrophoresis of 7. pallidum proteins. T. pallidum lysates were separated by IEF at pH 5 to 7 (A) or NEPHGE
at pH 3.5 to 10 (B) in the first dimension, followed by 8 to 20% SDS-PAGE in the second dimension. Gels were subsequently silver stained for
protein visualization. Acidic and basic ends are denoted, and relative molecular mass markers (in kilodaltons) are indicated to the left of each gel.
A T. pallidum lysate, resolved in the second dimension only, is shown at the right side of the IEF pH 5-to-7 gel (A). The identities of the numbered
spots are presented in Table 1. Arrows indicate spots that were submitted separately for MALDI-TOF MS but returned the same identity. Circles
demarcate some closely spaced spots to indicate more clearly which spots are labeled.

gradient in the IEF gels (for example, compare spots 143 and
144 on the IEF and NEPHGE gels in Fig. 1). Fifty-one of the
spots identified represented apparent mass variants, based on
deviation from the predicted molecular weight (MW). All of
these spots corresponded to abundant proteins for which a
major spot of the expected size and pl was identified; these
included the cytoplasmic filament protein CfpA (9 mass
variants), the 47-kDa carboxypeptidase (5 mass variants),
the flagellar proteins FlaAl, FlaB1, FlaB2, and FlaB3, and
the FlaAl paralog FlaA2 (a total of 16 mass variants).
The observed M, and predicted MW of intact polypeptides
were compared to further verify the MS identifications (Table
1 and Fig. 2). In this analysis, the MW values were adjusted to
take into account either experimentally verified or predicted
cleavage of the polypeptides by either signal peptidase I or
signal peptidase II; for the latter, the cleavage points of 46
predicted lipoproteins as determined by Setubal et al. (34)
were utilized. No attempt was made to correct the predicted
MWs for effects of lipidation or other potential modifications.
Four polypeptides (the dodecameric form of TpF1, hypothet-
ical protein TP0179, FtsH, and Tp34 [which migrates as a
smear, as determined by SDS-PAGE]) were considered outli-
ers, with ratios of observed M, to predicted MW of 0.68, 1.57,
0.70, and 1.53, respectively. The TpF1 dodecamer likely mi-
grates aberrantly because of its multimeric conformation.
TP0179 was found to have an M, much greater than that

corresponding to its predicted size (101.9 kDa, compared to
66.5 kDa); the predicted gene may be truncated by a sequence
error, because inclusion of the adjacent gene (TP0178) in the
TP0179 reading frame results in a predicted molecular mass of
~101 kDa. Tp34 migrates as a smear, as determined by SDS-
PAGE, for unknown reasons. The reason for the discrepancy
in the M, of FtsH is not known; the spot identified may be a
degradation product.

Exclusion of the mass variants and the four outliers from the
list of proteins identified resulted in a high degree of correla-
tion between the observed M, and predicted MW (Fig. 2); the
mean ratio * standard deviation (SD) for observed M, /pre-
dicted MW was 1.01 = 0.08 (R* = 0.9849). In contrast, the
mass variants had a poor correlation (ratio = 0.75 = 0.22; R*> =
0.39) (data not shown). Therefore, the mass variants appear to
represent degradation products. These may be naturally occur-
ring breakdown products or may arise during the purification
of T. pallidum from rabbit tissue.

Although the majority of spots identified corresponded to a
single protein, there were a few spots where MALDI-TOF
data indicated a mixture of two protein species. Examples are
spot 53 (TmpA and FliG), spot 62 (AsnA and 30S ribosomal
protein S2), spots 73 and 99 (GroEL and 47-kDa carboxypep-
tidase degradation products), spot 92 (hypothetical protein
TP0453 and elongation factor Ts), spot 97 (hypothetical pro-
tein TP0139 and lipoprotein Tpn32), and spot 100 (Pgm and
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TABLE 1. MALDI-TOF analysis of T. pallidum proteins separated by IEF and NEPHGE 2DGE and summary of reactivity of
IRS and human syphilis patient sera against 7. pallidum proteins*

Result for:
S TP . . Predicted Observed Predicted No. (.)f % Human sera at indicated phase
pot ORF Protein description MW M I matching .
. p . coverage  [Rrs
peptides Pri S d Early Late
rimary - Secondary - piient  latent
1 TP1038 Bacterioferritin (TpF1, antigen C1-5, 206,808 166,126 53 6 50 - +++ +4+ +++ 4+
4D),oligomeric form
2 TP0408 Chromosome segregation SMC 124,016 118,764 53 18 18 - - - - -
protein homolog
3 TP0179  Acidic hypothetical protein TP0179 66,536 101,782 4.3 14 22 - - - - -
4 TP0524 ATP-dependent protease LA 97,729 100,742 6.4 23 30 - - - - -
(Lon-2)
5 TP0071 ATP-dependent Clp protease 98,982 96,316 6.0 26 36 - - - - -
subunit B (ClpB)
6 TP0767 Translation elongation factor G 76,832 86,362 5.6 29 46 + — — — -
(FusA-2)
7 TP0748 CfpA degradation product 78,540 83,771 5.9 10 18
8 Aconitase 2, probable rabbit 85,762 80,021 59 10 18
contaminant
9 TP0748 CfpA variant 78,540 79,673 59 29 45
10 TP0748 Cytoplasmic filament protein A 78,540 78,809 59 46 61 +++ ++ +++ +++  ++
(CipA)
11 TP0886 Polyribonucleotide 76,333 74,602 6.2 26 41 ++ ++ ++ ++ ++
nucleotidyltransferase (Pnp)
12 TP0216 DnaK variant 68,042 72,297 5.0 17 32
13 TP0748 CfpA degradation product 78,540 71,561 59 23 36
14  TP0984 Heat shock protein 90 72,938 71,561 5.3 19 32 — — - — —
15 TP0216 Molecular chaperone DnaK 68,042 68,945 5.0 39 64 +++ + ++ ++ -
16~ TP0216 DnaK degradation product 68,042 64,165 5.0 14 29
17 TP0122 Phosphoenolpyruvate carboxykinase 68,126 65,606 6.2 24 40 ++ ++ ++ ++ ++
(PckA)
18  TP0104 5'-nucleotidase (UshA) 62,557" 63,286 5.9 24 39 - - - - -
19  TP0426 V-type ATPase, subunit A (AtpA-1) 65,020 61,025 5.8 19 35 - + ++ + -
20  TP0030 Chaperonin GroEL 57,981 61,025 5.0 14 30 ++ + ++ ++ —
21  TP0748 CfpA degradation product 78,540 60,694 59 27 42
22 TP0056 Oxaloacetate decarboxylase 64,100 59,930 6.9 18 35 - + + - -
23 TP0030 GroEL degradation product 57,981 58,627 5.0 35 57
24 TP0030 GroEL degradation product 57,981 57,030 5.0 18 41
25  TP0748 CfpA degradation product 78,540 56,715 59 29 37
26 TP0969 Hypothetical protein TP0969 57,982° 56,354 8.3 18 33 - - - - -
27  TP0030 GroEL degradation product 57,981 56,136 5.0 36 60
28  TP0426 AtpA-1 degradation product 65,020 55,661 5.8 15 30
29  TP0584 Hypothetical protein TP0584 53,514 55,043 9.1 9 20 ++ + ++ ++ +
30 Protein disulfide isomerase family A, 54,096 54,449 7.6 8 20
probable rabbit contaminant
31  TP0030 GroEL degradation product 57,981 53,852 5.0 35 55
32 TP0478 Glucose-6-phosphate 1- 58,033 53,183 6.4 16 34 - - - - -
dehydrogenase (Zwf)
33 TP0469 Conserved hypothetical protein, 50,471% 52,608 6.4 13 30 - - - - -
containing TPR domains
34  TP0748 CfpA degradation product 78,540 51,079 5.9 31 41
35 TP0030 GroEL degradation product 57,927 50,830 5.0 23 41
36 TP0921 NADH oxidase 48,644 50,503 6.5 10 29 - + + - -
37  TP0476 Acetate kinase (Ack) 49,196 49,698 6.6 17 36 - - - - -
38  TP0765 Cell division protein (FtsH) 67,545 47,580 5.9 12 20 - - - - -
39 TP0112 Aminopeptidase C (PepC) 51,243 47,052 59 9 28 - - - - -
40  TP0921 NADH oxidase 48,644 46,750 6.5 17 32 - + + - -
41  TP0108 Diphosphate—fructose-6-phosphate 50,162 46,301 8.3 11 23 ++ ++ ++ ++ -
1-phosphotransferase
42 TP0505 Hexokinase (Hxk) 47,845 46,269 6.0 11 32 - + + + +
43 TP0187 Elongation factor Tu (EF-Tu), 43,261 46,269 6.8 20 47 - - - - -
mature protein
44 TP0574 Carboxypeptidase, 47 kDa 45,100” 45,635 5.4 19 47 +++ +++ +4++ +++  +++
45  TP0187 Elongation factor Tu (EF-Tu), 43,261 44,925 5.6 23 67 - - - - -
mature protein
46 TP0390 Cell division protein (FtsZ) 43,839 44,762 5.4 18 59 - - - - -
47  TP0574 Carboxypeptidase degradation 45,100° 44,267 5.4 25 51
product
48 Actin, probable rabbit contaminant 41,738 43,205 53 14 40
49  TP0538 Phosphoglycerate kinase (Pgk) 44,944 43,066 6.7 25 67 - - - - -
50 TP0122 PckA degradation product 68,126 42,781 6.2 18 32
51 TP0748 CfpA degradation product 78,540 42,649 59 32 47
52 TP0659 Flagellar hook-associated protein 3 45,569 42,550 5.6 10 30 - - - - -
(FlgL)
53 TP0400 Flagellar motor protein (FliG) 39,822 41,234 4.8 7 23 + + ++ + +
53  TP0768 Membrane protein (TmpA) 34,833° 41,234 52 15 59 +++ +++ +++ +++ +++
54  TP0748 CfpA degradation product 78,540 41,089 5.9 23 32
55  TP0216 DnaK degradation product 68,042 39,544 4.0 7 14

Continued on following page
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Result for:
S TP . . Predicted Observed Predicted No. (.)f % Human sera at indicated phase
POt GRE Protein description MW M I matching
f p . coverage  [R§
peptides Pri Seconds Early Late
rimary - Secondary jarent  latent
56 TP0684 Methylgalactoside ABC transporter, 41,013% 39,544 52 11 40 +++ +++ +++ +++ +++
periplasmic (MgIB-2)
57  TP0747 Basic hypothetical protein TP0747 37,780 38,976 9.2 16 54 + + + + -
58  TP0448 Uracil phosphoribosyltransferase, 41,018 38,140 5.6 9 24 - - - - -
putative
59 TP0844 Glyceraldehyde 3-phosphate 38,084 37,680 8.4 20 53 +++ +++ +++ +++  +++
dehydrogenase (Gap)
60  TP0655 Spermidine/putrescine ABC 37,195° 37,079 6.4 7 17 - - - - -
transporter, periplasmic binding
protein (PotD)
61 TP0574 Carboxypeptidase degradation 45,100° 36,855 5.4 21 48
product
62  TP0556 Asparagine synthetase (AsnA) 36,856 36,756 5.6 19 57 - - - - -
62 TP0606 30S ribosomal protein S2 33,117 36,750 5.5 8 23 - - - - -
63  TP0298 Exported protein (Tpn38b) 35,299° 36,281 6.3 12 39 - - - - -
64  TP0298 Exported protein (Tpn38b) 35,299% 35,653 6.3 19 56 - - - - -
65  TP0662 Fructose-bisphosphate aldolase 36,190 35,553 5.7 22 58 - - - - -
(CbbA)
66 TP0965 Membrane fusion protein, putative 31,675° 35,553 9.4 10 33 - ++ ++ ++ ++
67 Malate dehydrogenase, probable 35,597 34,836 8.8 10 37
rabbit contaminant
68  TP0249 FlaAl degradation product 36,945° 34,615 5.5 11 40
69  TP0249 Flagellar filament outer layer protein ~ 36,945° 34,527 55 13 47 +++ +++ +++ +++  +++
(FlaAl)
70  TP0662 CbbA degradation product 36,190 34,308 5.7 18 52
71  TP0037 p-Specific p-2-hydroxyacid 36,874 33,616 6.3 13 44 - - - - -
dehydrogenase
72 TP0319 Purine nucleoside receptor 35,083 33,459 4.8 16 54 + ++ ++ + —
lipoprotein A (PnrA, TmpC)
73 TP0030 GroEL degradation product 57,981 33,280 5.0 15 33
73 TP0574 Carboxypeptidase degradation 45,1007 33,280 54 21 50
product
74  TP0792 Flagellar filament 33-kDa core 31,348 33,032 7.0 7 35
protein (FlaB2)
degradation/charge variant
75  TP0868 FlaBl degradation product 31,175 33,022 6.9 9 39
76 TP0769 Outer membrane protein (TmpB) 34,353% 32,854 8.8 12 40 +++ +++ +++ +++  +++
77  TP0868 Flagellar filament 34.5-kDa core 31,175 32,661 6.9 10 45 +++ +++ +++ +++ +++
protein (FlaB1)
78  TP0684 MglB-2 degradation product 43,053 32,529 52 13 49
79  TP0792 FlaB2 degradation product 31,348 32,105 7.0 12 42
80 TP0792 FlaB2 degradation Eroduct 31,348 31,866 7.0 8 33
81  TP0971 Lactoferrin and Zn*" binding 20,639” 31,625 4.7 9 59 + ++ ++ ++ +
periplasmic lipoprotein (Tp34,
TpD)
82  TP0792 Flagellar filament 33-kDa core 31,348 31,422 7.0 10 48 +++ +++ +++ +++ +++
protein (FlaB2)
83  TP0870 FlaB3 degradation product 31,055 31,161 5.1 10 53
84 TP0163 ABC transporter, periplasmic 31,182 31,036 6.2 15 59 +++ +++ +4++ +++  +++
binding protein (TroA)
85  TP0094 Phosphate acetyltransferase (Pta) 36,538 30,466 7.0 8 28 - + - - -
86 TP0030 GroEL degradation product 57,981 30,438 5.0 27 53
87 TP0870 FlaB3 degradation product 31,055 29,880 5.1 12 63
88  TP0574 Carboxypeptidase degradation 45,100 29,822 5.4 14 29
product
89  TP0789 Basic hypothetical protein TP0789 26,772 29,409 9.1 8 35 — — - - -
90 TP0870 FlaB3 degradation product 31,055 29,382 5.1 7 32
91  TP0611 ABC transporter, ATP-binding 28,257 29,334 53 11 61 - - - - -
protein
92 TP0453 Hypothetical protein TP0453, 28,453° 29,260 9.3 8 33 - ++ + + -
putative integral membrane
protein
92  TP0605 Elongation factor Ts 31,783 29,260 8.1 11 41 — ++ + + —
93 TP0870 Flagellar filament 31-kDa core 31,055 29,260 5.1 20 62 +++ +++ +++ +++ +++
protein (FlaB3)
94 TP0870 FlaB3 variant 31,055 29,260 5.1 5 28
95  TP0870 FlaB3 degradation product 31,055 29,004 5.1 11 64
96  TP0862 Peptidyl-prolyl cis-trans isomerase, 25,818 28,633 8.3 8 30 - + ++ - -
FKBP-type, 22 kDa (FkIB)
97  TP0821 Lipoprotein (Tpn32) 26,887° 28,415 6.7 8 37 - - - - -
97  TP0139 TrkA domain protein, putative 25,324 28,415 5.8 9 41 — — - — —
potassium transport protein
98  TP0664 Flagellar filament outer layer protein  24,983" 28,307 5.7 14 64 - - - - -

homolog (FlaA2)

Continued on following page



2636 McGILL ET AL. INFECT. IMMUN.

TABLE 1—Continued

Result for:
S TP . s Predicted Observed Predicted No. (.)f % Human sera at indicated phase
POt ORE Protein description MW M I matching
. p . coverage  Rg
peptides Prime Seconds Early Late
rimary  Secondary pent latent
99 TP0030 GroEL degradation product 57,981 28,008 55 10 17
99  TP0574 Carboxypeptidase degradation product 45,100 28,008 5.4 23 46
100 TP0290 Conserved hypothetical protein 30,939 27,984 6.2 12 34 - - - - -
TP0290
100 TP0168 Phosphoglycerate mutase (Pgm) 28,358 27,984 6.3 16 52 - - - - -
101 TP0030 GroEL degradation product 57,981 27,630 5.0 17 29
102 TP0608 Hypothetical protein TP0608 31,910 27,525 8.7 14 42 ++ ++ ++ + +
103 TP0537 Triosephosphate isomerase (Tpi) 26,541 27,101 6.1 10 48 - - - - -
104 TP0964 ABC transporter, ATP-binding protein 25,177 26,884 9.2 6 35 - - - - -
105 TP0608 Hypothetical protein TP0608 31,910 26,632 8.7 14 42 ++ ++ ++ + +
106 TPO115 Phosphomethypyrimidine kinase 28,943 26,292 6.4 14 68 - - + - -
(ThiD)
107 TP0249 FlaAl degradation product 36,945° 26,202 55 11 28
108 TP0734 Purine nucleoside phosphorylase 25,318 25,916 6.0 8 45 - - - - -
(DeoD)
109 TP0663 Tromp-2, FlaA homolog (28-kDa 24,799° 25,761 7.0 12 55 - - - - -
outer membrane protein)
110 TP0769 TmpB degradation product 36,961 25,598 8.8 11 29
111  TP0424 V-type ATPase, subunit E, putative 24,978 25,467 5.1 8 35 - - - - -
112 TP0769 TmpB degradation product 36,961 25,306 8.8 9 25
113 TP0115 Phosphomethypyrimidine kinase 28,943 25,205 6.4 17 64 - - - - -
(ThiD)
114 TP0971 Tp34 degradation product 22,085 24,986 4.7 8 53
115 TPO0554 Phosphoglycolate phosphatase (Gph-2) 24,577 21,751 59 7 41 - - - - -
116  TP0037 p-Specific p-2-hydroxyacid 36,874 21,371 6.3 9 35
dehydrogenase degradation product
117  TP0259 Membrane lipoprotein TpE (LysM 22,865 21,332 49 10 37 +++  +++ +++ +++ ++
domain protein)
118 TP0349 Peptidyl-prolyl cis-trans isomerase, 18,429 20,852 4.9 5 34 + + - - -
FKBP-type (SlyD)
119  TP0509 Alkyl hydroperoxide reductase (AhpC) 20,709 20,601 8.7 9 34 - - - - -
120 TP0568 4-hydroxy-2-oxoglutarate aldolase/2- 22,074 20,496 5.8 9 41 - - - = -
dehydro-3-deoxyphosphogluconate
aldolase (Eda)
121 TP0249 FlaAl degradation product 36,945° 20,345 55 9 22
122 TP0509 Alkyl hydroperoxide reductase (AhpC) 20,709 20,204 6.4 14 74 - - - - -
123 TP0509 Alkyl hydroperoxide reductase (AhpC) 20,709 20,204 6.4 11 59 + + + + +
124 TP0249 FlaAl degradation product 36,945° 19,993 55 17 51
125 TP0748 CfpA degradation product 78,540 19,909 59 15 21
126 TP0249 FlaAl degradation product 36,945” 19,851 5.5 11 36
127 TP0748 CfpA degradation product 78,540 19,593 5.9 10 18
128 TP0201 Ribosomal protein L5 (RplE) 20,806 19,593 9.7 15 60 - - - - -
129 TP0259 Hypothetical protein TP0259 22,865 18,199 4.9 7 20
degradation product
130 TP0664 FlaA2 degradation product 26,822 18,062 5.7 14 52
131 TP0249 FlaAl degradation product 36,945° 17,812 55 10 31
132 TP0239 Ribosomal protein L10 (RplJ) 19,566 17,812 7.8 10 54 - - - - -
133 TP0249 FlaAl degradation product 36,945" 17,757 5.5 11 39
134 TP1038 Bacterioferritin (TpF1, antigen C1-5, 17,234 17,558 53 15 92 - - - - -
4D)
135 'TP0437 Basic hypothetical protein TP0437 19,893 17,620 9.5 10 59 — - - - -
136 TP0365 Chemotaxis protein (CheX) 16,612 16,887 4.5 8 53 + + + - -
137 TP0366 Chemotaxis response regulator (CheY) 15,736 16,698 7.8 11 70 - - - - -
138 TP0060 Ribosomal protein L9 (RplI) 17,504 16,209 9.0 10 45 - - - - -
139 TP0925 Flavodoxin 15,794 16,143 4.4 9 55 + + + - -
140 TP0435 Lipoprotein, 17 kDa (Tpp17) 13,3612 15,962 8.9 9 45 +++ A+t +++ +++  +++
141  TP0435 Lipoprotein, 17 kDa (Tpp17) 13,3617 15,946 8.9 9 44 +++ 4+ +++ +++ +++
142 TP0171 Lipoprotein, 15 kDa (Tpp15) 13,176" 15,103 6.7 11 52 +++ A+t +++ +++ +++
143 TP0823 Desulfoferrodoxin (Rbo) 13,802 14,995 5.8 8 62 — - — — —
144 TP0823 Desulfoferrodoxin (Rbo) 13,802 14,857 5.8 6 62 - - - - -
145 TP0171 Lipoprotein, 15 kDa (Tppl5) 15,670 14,496 6.7 8 44 +++ 4+ +++ +++ +++
146 TP0356 RNA-binding protein, putative 11,956 13,404 7.8 7 40 - - - - -
147 TP0919 Thioredoxin (Trx) 11,391 12,911 4.5 5 45 - - - - -
148  TP1013 Chaperonin (GroES) 9,441 12,342 6.1 10 85 - - - - -

“ Immunoreactivity was determined by 2DGE immunoblot analysis (Fig. 2 to 4) for a pool of three infected rabbit sera (Fig. 2) or pools of sera from patients with primary,
secondary, early-latent, or late-latent syphilis (Fig. 3; see also Table S2 in the supplemental material). Reactivity was evaluated subjectively as nonreactive (—), weakly reactive
(+), moderately reactive (++), or highly reactive (+++). Degradation products, size variants, and rabbit contaminants were excluded from this analysis.

® Calculated after removal of the putative signal sequence.

hypothetical protein TP0290). Thus, these spots appear to be A number of the more-abundant polypeptides that we de-
composed of multiple protein species with similar molecular scribe here have previously been identified by other methods,
masses and pls that were not resolved from one another under such as N-terminal sequencing or immunoblotting with mono-
the electrophoretic conditions utilized. clonal antibodies (18); these proteins are CfpA, GroEL, Dnak,
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FIG. 2. Correlation between predicted molecular weights of 7. pal-
lidum proteins and M, values obtained in 2DGE patterns in this study.
Molecular weights take into account removal of predicted signal pep-
tides. Apparent degradation products were excluded.

the 47-kDa carboxypeptidase, TmpA, TmpB, the 17-kDa and
15-kDa lipoproteins, the purine nucleoside receptor lipopro-
tein PnrA (TmpC) (8), the lactoferrin-binding periplasmic li-
poprotein Tp34 (TpD) (7), and the flagellar proteins FlaAl,
FlaB1, FlaB2, and FlaB3. As in previous studies, we found that
the most-abundant proteins observed by silver staining were
flagellins, CfpA, chaperonins, and several lipoproteins, includ-
ing MglB-2, TmpA, TmpC, and the 47-kDa, 17-kDa, and 15-
kDa proteins. High-level expression of lipoprotein genes is
typical of Treponema species and other spirochetes.

In addition to confirming previous protein identities, we
identified 63 proteins that had not been described previously
by electrophoresis or immunoblotting (Fig. 1 and Table 1).
These proteins can be categorized by their predicted functions:
carbohydrate metabolism (13 proteins), cell division (2 pro-
teins), lipoproteins or structural proteins (10 proteins), flagel-
lum-associated proteins (8 proteins), nucleotide metabolism,
degradation, or salvage proteins (4 proteins), molecular chap-
erones (4 proteins), chemotaxis proteins (2 proteins), energy
metabolism enzymes (7 proteins), ABC transporters (7 pro-
teins), proteases (2 proteins), proteins involved in translation
(9 proteins), amino acid and cofactor biosynthesis proteins (3
proteins), iron storage proteins (1 protein), cellular detoxifica-
tion proteins (1 protein), and hypothetical proteins with un-
known function (12 proteins). We also determined that the
hypothetical protein TP0259 is the lipoprotein TpE; this T.
pallidum gene product had been described previously (19), but
its sequence was not published.

The protein expression that we observed with 2DGE was
consistent with 7. pallidum mRNA level data reported previ-
ously (35). We identified the proteins corresponding to nearly
all of the highly expressed mRNAs reported by Smajs et al.
(those with cDNA/DNA signal ratios of 4.0 or higher) by
2DGE and MALDI-TOF MS (Fig. 1 and Table 1). The majority
of proteins with corresponding high transcript levels identified in
that study that we did not detect were ribosomal proteins. We
identified only four ribosomal proteins, ribosomal proteins S2
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(TP0606; spot 62), L5 (TP0201; spot 128), L10 (TP0239; spot
132), and L9 (TP0060; spot 138), in contrast to the 11 ribosomal
proteins reported to be transcribed at high levels (35).

Serologic reactivity of T. pallidum proteins. The IEF and
NEPHGE 2DGE patterns obtained were highly reproducible,
enabling us to reliably correlate seroreactive proteins in West-
ern blots with the corresponding silver-stained gels. We first
examined the 7. pallidum proteome for serological reactivity
by immunoblotting with pooled sera from rabbits infected for
84 days. At this time postinfection, rabbits develop “chancre
immunity,” i.e., resistance to reinfection from intradermal in-
oculation. In addition, the seroreactivity of human sera from
patients at different stages of syphilitic infection to the 2DGE-
separated proteins was determined. Our goal was to identify
antigens that were consistently reactive at all stages of infection
as well as those exhibiting differential reactivity at each stage of
infection. A summary of the serologic reactivity against 7.
pallidum proteins can be found in Table 1. Degradation prod-
ucts were excluded from this analysis.

The infected-rabbit-serum (IRS) pool was reactive with a
total of 33 T. pallidum proteins in the 2DGE immunoblots
(Fig. 3B and E and Table 1). The majority of proteins reactive
in 2DGE patterns were previously described antigens (26),
including flagellar proteins and lipoproteins, including the ABC
transport proteins MgIB-2 and TroA (Table 1). This study also
confirmed IRS serologic reactivity against phosphoenolpyruvate
carboxykinase (PckA; TP0122; spot 17), translation elongation
factor G (FusA-2; TP0767; spot 6), and chemotaxis protein X
(CheX; TP0365; spot 136), which were identified as antigens by
McKevitt et al. (22).

Thirty-two of the 106 T. pallidum proteins found to be re-
active with IRS by McKevitt et al. (22) were identified by
MALDI-TOF MS. Surprisingly, only 16 of these 32 antigens
were reactive with rabbit sera in the present study. Although
the other 16 antigens reported by McKevitt et al. were detected
by silver staining and MS, they were not reactive with IRS in
our study. However, four of those proteins were reactive
with human sera (see below), including bacterioferritin TpF1
(TP1038; spot 1), oxaloacetate decarboxylase (TP0056; spot
22), the integral membrane protein (TP0453; spot 92), and
peptidyl-prolyl cis-trans isomerase FkIB (TP0862; spot 96), in-
dicating that a sufficient amount of these proteins was present
for detection of serological reactivity by immunoblotting. Pos-
sible explanations for these results are that the immunoblot
reactivity in our studies was less sensitive than the reactivity
obtained with the ELISA format utilized by McKevitt et al. and
that the human patient sera were more reactive to some
antigens than were the IRS in our analysis. Many of the
most-reactive antigens identified in the McKevitt et al. study
were not detected by the 2DGE immunoblotting method,
including rare lipoprotein A (RIpA; TP0993), glycerophos-
phodiester phosphodiesterase (GlpQ; TP0257), thioredoxin
(TP0100), and the hypothetical proteins TP0957, TP0625,
TP0956, TP0463, TP0567, TP0326, and TP0772. Those pro-
teins were not identified by silver staining and subsequent
MALDI-TOF MS, indicating that there may not have been
sufficient protein present for detection of serological reactivity
against those proteins. Overexpression of those proteins in the
McKevitt et al. study may have provided adequate protein
levels for rabbit serological reactivity to be observed (22). Al-



2638 McGILL ET AL.

B Acidic

INFECT. IMMUN.

C Acidic

A Acidic

Basic Basic Basic
250 | 250 250
150 | == 150 ! 150
100 | *= . 100 100
75 = Ly 75 LnaK & Pre 75
; _% ] poka Cf P\ O
50 47K 50 47 kD; 50
TmpA ‘__ . .
MgIB-2 = - _
37 PnrA B2 . . 37 P"rrg's'z FlaA1 37
Tp34|f = _ o %FlaBZ TroA
FlaB =] . B3|:| FIaB1
25|/ 1o 1] TP0608 , TPO290 - 25 2 e k=] = 25
- - - AhpC
- o .
' 4 I:‘ - - El
15 kDa 15 kDa
Silver Stain Infected Rabbit Serum Noninfected Rabbit Serum

Basic E

Basic F

Acidic Acidic Basic
250 250 250
150 150 150
100 100 100
CipA CfpA
75 75 } l:l%"aKl:l 75 =)
i GroEL [] [—]TP0584
50 S | TP0108 S0
= Fia =]
%aaz = [f="JGap
il TmpB
37 TroA 37
=]
p ToE @Tpoeosl:l o
25/@  TeE[ |TPO608 & 25
> * ElAhPc 17 kDa
20 - -
17kDa_ 2
15 - 15kDa 15
28 -
Silver Stain Infected Rabbit Serum Noninfected Rabbit Serum

FIG. 3. Immunoreactivity of 7. pallidum proteins separated by 2DGE with rabbit sera. T. pallidum lysates were separated by IEF at pH 5 to
7 (A to C) or NEPHGE at pH 3.5 to 10 (D to F) in the first dimension, followed by 8 to 20% SDS-PAGE in the second dimension. Gels were
subsequently silver stained (A, D) or immunoblotted with a 1:1,000 dilution of infected (B, E) or noninfected (C, F) rabbit sera. Black boxed areas
indicate major polypeptides that were reactive with each serum pool. Red boxed areas indicate unidentified acidic proteins. Acidic and basic ends
are denoted, and relative molecular mass markers (in kilodaltons) are indicated to the left of each gel.

ternately, some of these proteins may have been among the
proteins that were not selected for MALDI-TOF analysis. For
example, several faint spots between 22 and 38 kDa were
visible by immunoblotting but were of insufficient quantities to
be identified by mass spectrometry. All but two of the antigens
not identified by IRS are within that size range.

A number of previously unreported antigens were detected by
immunoblotting with IRS in this study, including diphosphate-
fructose-6-phosphate 1-phosphotransferase (TP0108; spot 41),
flavodoxin (TP0925; spot 139), the FKBP-type peptidyl-prolyl cis-
trans isomerase SlyD (TP0349; spot 118), polyribonucleotide
nucleotidyltransferase (Pnp; TP0886; spot 11), glyceraldehyde
3-phosphate dehydrogenase (Gap; TP0844; spot 59), and hypo-
thetical protein TP0608 (spots 102 and 105) (Fig. 3). We also
found one antigen, CfpA, to be weakly reactive with sera from
uninfected animals (Fig. 3C and E).

The immunoreactivity of the identified 7. pallidum proteins
with human sera collected from patients diagnosed with pri-

mary, secondary, early latent, or late latent syphilis was also
examined. Sera from patients at each stage were pooled as
described in Materials and Methods to provide an analysis of
reactivity during the course of infection. As expected, the high-
est level of reactivity occurred with sera from secondary- and
early-latent-syphilis patients (Fig. 4C and 5C and Table 1). All
of the proteins that were strongly reactive with infected rab-
bit sera were also reactive with sera from syphilis patients.
Many of these are lipoproteins, such as the purine nucleoside
periplasmic binding protein PnrA (TmpC) (8), the lactoferrin-
binding periplasmic lipoprotein Tp34 (TpD) (7), the 47-kDa
carboxypeptidase (9), TmpA, TmpB, TpE, and the 17-kDa and
15-kDa lipoproteins (Fig. 3 to 5 and Table 1), and were reac-
tive with sera from patients at all stages of syphilis. Lipopro-
teins thus appeared to elicit the strongest antibody response,
even if they are expressed at low levels, as is the case for the
17-kDa lipoprotein (TP0435; spot 141). This protein, as well as
the 47-kDa lipoprotein, has been demonstrated previously to
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FIG. 4. Immunoreactivity of 7. pallidum proteins separated by IEF (pH 5 to 7) 2DGE with human sera. T. pallidum lysates were separated by
IEF at pH 5 to 7 in the first dimension, followed by 8 to 20% SDS-PAGE in the second dimension. Gels were subsequently silver stained (A) or
immunoblotted with a 1:500 dilution of pooled human sera from healthy blood donors (B), primary-syphilis patients (C), secondary-syphilis
patients (D), early-latent-syphilis patients (E) or late-latent-syphilis patients (F). Black boxed areas indicate major polypeptides that were reactive
with each serum pool. Acidic and basic ends are denoted, and relative molecular mass markers (in kilodaltons) are indicated to the left of each

gel.

be highly antigenic and is currently used in T. pallidum diag-
nostic tests (11, 40). The strong immunogenicity observed with
these lipoproteins appears to be dependent on the lipid moiety,
as its removal diminishes the production of inflammatory cy-
tokines and activation of immune effector cells (1). The induc-
tion of antibody responses against the B. burgdorferi lipopro-
tein outer surface protein A is highly dependent upon
lipidation (10). Therefore, the lipid portion of T. pallidum
lipoproteins is likely acting as an intrinsic adjuvant to stimulate
the antibody response against these proteins.

Tp34 (TpD; spot 81), also a lipoprotein, was reactive with all
the serum pools, although at lower levels with human late-
latent-syphilis sera and infected rabbit sera. Two lipidated
periplasmic ABC transport proteins, MgIB-2 and TroA, were
also reactive at all stages of infection. In addition, a number of
antigens that have not previously been reported were identi-
fied, including hypothetical protein TP0584 (spot 29), the V-
type ATPase AtpA-1 (TP0425; spot 19), and hypothetical pro-
tein TP0608 (spots 102 and 105). These proteins were reactive

with all sera tested (Fig. 3 to 5). Five antigens found to be
reactive with infected human sera (but not with infected rabbit
sera) included hexokinase (TP0505; spot 42), hypothetical pro-
tein TP0965 (spot 66), phosphate acetyltransferase (Pta;
TP0094; spot 85), the integral membrane protein TP0453 (spot
92), and peptidyl-prolyl cis-trans isomerase FkIB (TP0862; spot
96). These antigens were not identified as significantly reactive
proteins in the Brinkman et al. study of the reactivity of re-
combinant 7. pallidum proteins with human syphilitic sera (3).

We observed a number of acidic, high-molecular-weight
spots that were strongly reactive with infected rabbit sera and
sera from primary-, secondary-, and early-latent-syphilis pa-
tients (red boxes in Fig. 3 to 5). These polypeptides ranged in
size from approximately 70 kDa to 120 kDa in molecular mass
(Fig. 3 and 5). Due to their low abundance, we were able to
detect only one of the spots by silver staining-MS (spot 7; CfpA
variant). A search of the T. pallidum genome revealed 13
proteins of appropriate predicted molecular masses with pre-
dicted pIs of <6.0 that were not identified by silver stain-
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FIG. 5. Immunoreactivity of T. pallidum proteins separated by NEPHGE (pH 3.5 to 10) 2DGE with human sera. 7. pallidum lysates were
separated by NEPHGE at pH 3.5 to 10 in the first dimension, followed by 8 to 20% SDS-PAGE in the second dimension. Gels were subsequently
silver stained (A) or immunoblotted with a 1:500 dilution of pooled human sera from healthy blood donors (B), primary-syphilis patients (C),
secondary-syphilis patients (D), early-latent-syphilis patients (E), or late-latent-syphilis patients (F). Black boxed areas indicate major polypeptides
that were reactive with each serum pool. Acidic and basic ends are denoted, and relative molecular mass markers (in kilodaltons) are

indicated to the left of each gel.

ing-MS (see Table S2 in the supplemental material); these
therefore represent candidate proteins for this group.

One antigen of interest that appears to be uniquely reactive
in human infection is the oligomeric form of the bacteriofer-
ritin protein TpF1 (TP1038; spot 1) (Fig. 3 and 4). TpFl1
functions as a dodecamer to bind iron (36) but has been ob-
served to migrate at several molecular masses on SDS-PAGE
gel, ranging from160 kDa to >400 kDa, in the oligomeric form
(12, 25). Multiple identical subunits form a ring structure held
together by disulfide bonds, creating a very stable oligomer
(32). In its unreduced form, the basic TpF1 oligomer typically
migrates at 190 kDa, but reduction by mercaptoethanol results
in migration of an oligomer at 160 kDa and dissociated mono-
mers at 19 kDa (32). We observed the 160-kDa form by 2DGE
and Western blot analysis. We did not observe serologic reac-
tivity against the monomeric form of TpF1 (spot 134), which is
consistent with previous findings. In prior studies by Boren-
stein et al. (2), TpF1 was cloned and expressed as a recombi-

nant protein from E. coli, and serologic reactivity from syphilis
patients against a 190-kDa oligomeric form of the protein was
observed. However, no reactivity against the dissociated 19-
kDa monomeric form of the expressed protein was observed
(2). Furthermore, immunization of rabbits with recombinant
TpF1 provided partial protection against challenge with viable
treponemes (2). It may also be of interest to determine the
identity of the low-abundance polypeptides in the “red box™ as
proteins that might be of diagnostic or immunogenic value.
We observed stronger reactivity with pooled sera from pri-
mary-syphilis patients than expected. The serum pool used for
Fig. 4C and 5C was comprised of three samples, i.e., the two
tested for Fig. S1 in the supplemental material and an addi-
tional serum sample with an RPR titer of 1:64; insufficient
serum from the latter sample was available for performance of
a separate immunoblot analysis. Therefore, two of the sera
from the primary-syphilis-patient pool were examined for se-
roreactivity with NEPHGE 2DGE immunoblots (see Fig. S1 in
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the supplemental material). Figure S1B in the supplemental
material shows the reactivity of serum from a primary syphilis
patient with an RPR titer of 1:16, and Fig. S1C in the supple-
mental material exhibits the reactivity of serum from a primary
syphilis patient with an RPR titer of 1:64. As expected, the
serum sample with an RPR titer of 1:16 was reactive to fewer
proteins than the serum sample with an RPR titer of 1:64. For
example, reactivity to TpF1, hypothetical protein TP0965, and
AhpC was not detectable in the sample with an RPR titer of
1:16 (see Fig. S1B in the supplemental material). The high
RPR titers of two of these samples correlate with the unex-
pected strong reactivity that we observed with pooled primary-
syphilis sera.

The antibody reactivities obtained with human sera and IRS
in the 2DGE immunoproteome analysis correlated well in gen-
eral, with some differences (Table 1). Of the 87 T. pallidum
polypeptides identified by 2DGE-MS, 40 were found to be
reactive with sera from humans at some stage of infection,
whereas only 32 were reactive with IRS; 31 of the proteins
were reactive with both human sera and IRS. Nine of the
human serum-reactive proteins were not detectably reactive
with IRS, whereas only one of the IRS-reactive proteins was
not reactive with the human sera tested. In most cases, these
represented faint reactions indicative of low antibody titers.
However, moderate immunoblot reactivity with some hu-
man serum pools against AtpA-1 (V-type ATPase, subunit a;
TP0424), elongation factor Ts (TP0605), and FkIB (peptidyl-
prolyl cis-trans isomerase; TP0862) was observed (Table 1),
whereas a reaction with IRS was not detected. The IRS used in
this study were collected at 84 days postinfection and are con-
sidered to be highly reactive. Therefore, the apparent differ-
ential reactivity observed for these three proteins may reflect
differences between the antibody responses of humans and
rabbits to certain 7. pallidum polypeptides, but additional stud-
ies using purified proteins would be needed to verify this find-
ing. Other possible explanations for the differences observed in
rabbit and human immunoreactivity are that (i) multiple time
points were tested for humans, compared to the single time
point tested for rabbits, (ii) fewer subjects were used in the
rabbit serum pool than in the human serum pools, resulting in
a smaller array of immunoreactive proteins, and (iii) labora-
tory rabbits are more inbred than the human population and
thus may have reduced antibody repertoire diversity.

Comparison of the antigenicity results obtained in the present
study with those obtained in prior recombinant protein immuno-
proteome analyses (3, 22) indicates that the two approaches pro-
vide overlapping but somewhat disparate results. In the current
study, moderate to high levels of reactivity of human serum pools
against CfpA (TP0748), the three flagellar filament core proteins
FlaB1, FlaB2, and FlaB3 (TP0868, TP0792, and TP0870, respec-
tively), flagellar motor protein FliG (TP0400), the V-type ATPase
subunit AtpA-1 (TP0426), hypothetical protein TP0584, and
elongation factor Ts (TP0606) were observed (Fig. 4 and 5 and
Table 1; see also Fig. S1 in the supplemental material), whereas
these proteins were nonreactive in both of the prior studies
using expression of recombinant proteins in E. coli (3, 22). In
addition, Tpp15 (TP0171), GroEL (TP0030), PckA (TP0122),
hypothetical protein TP0453, and membrane fusion protein
TP0965 were reactive in the current study and the prior IRS
analysis (22) but not in the prior human serum analysis (3).

CHARACTERIZATION OF THE TREPONEMA PALLIDUM PROTEOME 2641

The lack of reactivity of the flagellar core proteins and CfpA in
the prior immunoproteome studies was particularly surprising,
in that these proteins had been shown previously to be highly
immunogenic and to induce antibody responses during infec-
tion (reviewed in references 27 and 29). The lack of reactivity
in the immunoproteome studies (3, 22) may have been due to
poor expression, rapid degradation, or improper folding with
loss of antibody binding activity. For some of the relatively
minor spots in the 2DGE pattern, it is possible that the anti-
genic reactivity detected in the immunoblots was due to comi-
grating proteins that were not detected in the MS analysis,
yielding a “false-positive” result. There were also 5 proteins for
which clones were not obtained in the previous recombinant
protein studies but were found to be highly reactive by 2DGE
immunoblot analysis; these proteins were phosphofructokinase
(Pfk; TP0108), flagellar sheath protein (FlaA-1; TP0249),
membrane lipoprotein TpE (TP0259), hypothetical protein
TP0608, and polyribonucleotide nucleotidyltransferase (Pnp;
TP0886) (Table 1).

Conversely, four proteins identified by 2DGE-MS were not
found to be reactive with human sera by immunoblot analysis
in our study but were reactive in the prior recombinant protein
analyses (3, 22). These proteins were FlaA2/Tromp2 (TP0663),
translation elongation factor G (FusA-2), hypothetical protein
TP0789, and lipoprotein Tpn32 (TP0821). All of these are
relatively minor spots in the 2D gels and may be present in too
small of a quantity to yield a visible antibody reaction under
the conditions used in the current study. An even greater
discrepancy was observed with the IRS chemiluminescence
enzyme immunoassay (EIA) recombinant protein results re-
ported by McKevitt et al., in which 17 proteins reactive in this
prior study were not detectably reactive by our 2DGE IRS
immunoblot analysis. However, 11 and 13 of these proteins
were not reactive with human syphilis sera in the current study
(Fig. 4 and 5; see also Fig. S1 in the supplemental material) or
in the Brinkman et al. analysis (3). Therefore, many of these
disparities may have resulted from a low positive-value thresh-
old or procedural differences, resulting in detection of weakly
positive or potentially false-positive results.

We assessed whether polypeptides expressed at high levels
were more likely to evoke a strong antibody response than
proteins expressed at low levels. To provide a rough estimate
of expression and relative antigenicity, we compared the ap-
parent amounts of protein of 22 polypeptides (see Table S3 in
the supplemental material) in the stained gels to the intensities
of antibody staining using ImageQuantTL, version 7.0 (Gen-
eral Electric), software. Immunostaining intensity did not cor-
relate with silver staining intensity, as exemplified by the values
obtained with early-latent-syphilis human sera and with IRS
(see Fig. S2 in the supplemental material). Several low-abun-
dance proteins exhibited high immunoreactivity, whereas cer-
tain abundant proteins had low immunoreactivity. Of particu-
lar interest was the very strong reactivity observed for the
15-kDa lipoprotein, TpF1, and the unidentified polypeptides
highlighted in the red box (Fig. 3 to 5; see also Fig. S1 in the
supplemental material). TpF1 and the 15-kDa lipoprotein ac-
count for >25% of the total immunostaining intensity obtained
with early-latent-syphilis human sera. However, when the silver
staining intensities of all immunoreactive proteins were quan-
titated, these proteins were found to represent <0.6% of the
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total reactive protein. In IRS stained immunoblots, the pro-
teins in the red box and the 15-kDa lipoprotein account for
<1% of the total reactive protein, while accounting for 20% of
the immunoreactivity. An important caveat to note is that
silver staining is not very quantitative, especially for smaller
proteins in higher-percentage polyacrylamide (16). However,
staining intensity tends to be relatively reduced for highly
expressed proteins rather than proteins expressed at low
levels, suggesting that our quantitation might overrepresent
any correlation between the quantity and immunogenicity of
a polypeptide. Thus, the immunogenicity of a polypeptide
does not appear to be closely related to its abundance.

In contrast, a relatively good correlation was obtained be-
tween the reactivity of individual proteins with human sera
from patients at different stages or with IRS, as exemplified by
the comparisons of early-latent-syphilis sera/primary-latent-
syphilis sera and early-latent-syphilis sera/IRS shown in Fig. S3
in the supplemental material. This analysis further emphasized
differences in the reactivities of sera from infected humans and
rabbits (see Fig. S3A in the supplemental material). Most
notably, TpF1 (spot 1) had ~12-fold-higher staining intensity
with human early-latent-syphilis sera than with IRS, and the
unidentified “red box” antigens were essentially nonreactive
with human sera but were highly reactive with IRS. In addition,
FlaB2 (spot 82) reacted 3.4 times more intensely with human
early-latent-syphilis sera than with IRS, and IRS were ~3-fold
more reactive with TpE (spot 117) and TmpA (spot 53) than
early-latent-syphilis sera. Removal of these 5 “outliers” from
the correlation shown in Fig. S3A in the supplemental material
increased the R* value from 0.364 to 0.897. These results in-
dicate that the immune responses to some 7. pallidum proteins
may differ in humans and experimentally infected rabbits.
Overall, the 22 polypeptides analyzed quantitatively had simi-
lar reactivities with human primary- and early-latent-syphilis
serum samples (see Fig. S3B in the supplemental material).

In reality, it is likely that nearly all bacterial proteins induce
an adaptive immune response during an infection, due to the
foreign nature of these proteins and the exquisite sensitivity
of the immune system. The degree of immunogenicity of 7.
pallidum proteins may therefore represent a continuum.
Only those proteins with the highest-level responses are
potentially useful for immunodiagnostics, while those that
are surface exposed are most likely to be immunoprotective.
The data presented in this study confirmed the identity of
previously reported antigens. Many new immunoreactive 7.
pallidum proteins were also revealed by 2DGE and MS anal-
ysis, demonstrating the value of analyzing the immunopro-
teome by a variety of methods. These antigens may provide
useful future directions for the development of vaccines and
immunodiagnostics. Five antigens of particular interest are the
bacterioferritin TpF1, the integral membrane protein TP0453,
TP0965 (a putative membrane fusion protein), and the hypo-
thetical proteins TP0584 and TP0608. All five of these antigens
were reactive with sera from patients with primary syphilis,
suggesting that these antigens might be useful in early diag-
nostic studies. TP0453 has been tested by an enzyme immuno-
assay in the serodiagnosis of syphilis, was found to be highly
reactive with sera from primary-syphilis patients, and exhibited
100% specificity and sensitivity when reacted with sera from
syphilis, relapsing-fever, Lyme disease, or leptospirosis patients
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(39). The outer membrane location of TP0453 (18) may also
make this antigen useful for vaccine development. TP0965,
TP0584, and TP060S were reactive with sera from patients at all
syphilis stages, indicating that these antigens may also be useful in
the serodiagnosis of syphilis. The cellular location and protective
activity of these antigens have yet to be determined. Two-dimen-
sional gel electrophoresis coupled with MALDI-TOF MS and
serological analysis is a valuable tool for the identification of new
antigens and virulence factors and can be applied to a variety of
microbiological systems. These tools are especially useful for or-
ganisms like 7. pallidum that cannot be cultured in vitro.
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